Marine mussels (Mytilus spp.) attach to a wide variety of surfaces underwater using a network of byssal threads, each tipped with a protein-based adhesive plaque that uses the surrounding seawater environment as a curing agent. Plaques undergo environmental post-processing, requiring a basic seawater pH be maintained for up to 8 days for the adhesive to strengthen completely. Given the sensitivity of plaques to local pH conditions long after deposition, we investigated the effect of other aspects of the seawater environment that are known to vary in nearshore habitats on plaque curing. The effect of seawater temperature, salinity and dissolved oxygen concentration were investigated using tensile testing, atomic force microscopy and amino acid compositional analysis. High temperature (308C) and hyposalinity (1 PSU) had no effect on adhesion strength, while incubation in hypoxia (0.9 mg l 21 ) caused plaques to have a mottled coloration and prematurely peel from substrates, leading to a 51% decrease in adhesion strength. AFM imaging of the plaque cuticle found that plaques cured in hypoxia had regions of lower stiffness throughout, indicative of reductions in DOPA cross-linking between adhesive proteins. A better understanding of the dynamics of plaque curing could aid in the design of better synthetic adhesives, particularly in medicine where adhesion must take place within wet body cavities.
Introduction
Marine mussels (Mytilus spp.) have mastered the art of underwater adhesion, producing a holdfast comprised of proteinaceous fibres known as byssal threads. Attaching to rocks in the intertidal zone, byssal threads are capable of adhering to a wide variety of substrates with different surface chemistries, hydrophobicities and physical properties [1] [2] [3] , all while contending with the presence of water, salts and organic films [3] . For these reasons, the mechanisms underlying byssal thread adhesion continue to inspire researchers designing anti-fouling coatings for use in the maritime industry, novel polymers with applications in wet environments and bio-compatible medical adhesives for the repair of sensitive tissues within the human body [4 -8] .
Each byssal thread is part of a network, extending outwards radially from within the shell, and making contact with a surface at an adhesive plaque [9] . The plaque is made up of adhesive proteins (Mfps) that contain 3,4-dihydroxyphenyl-L-alanine (DOPA) residues, relatively rare post-translationally modified amino acids with adhesive properties [10, 11] . Plaques are produced when a mussel extends its foot from the shell, pressing a small depression at the distal end (distal depression) against a surface [12, 13] . Once contact is made, the chemical environment within the distal depression is adjusted, producing an acidic microenvironment ( pH 1-3) [14] that is also heavily reduced, with a low ionic strength (0.15 M) when compared with seawater (0.7 M) [15 -17] . After these conditions are established, Mfps are secreted into the cavity as complex coacervates, oppositely charged polyelectrolyte liquid phases that result from liquid-liquid phase separation [18, 19] . Under these conditions, DOPA residues preferentially form interfacial interactions with surfaces (hydrogen bonding, coordination, etc.), rather than interacting with one another [20, 21] .
Byssal thread formation takes approximately 5 minutes, after which the foot is removed, and the newly formed plaque is exposed to seawater. The chemistry of typical open-ocean seawater, with a pH of 8.1, oxygen saturation of ca 100% and ionic concentration of 0.7 M, is drastically different from the microenvironment that a mussel creates during Mfp secretion. Contact with seawater destabilizes the equilibrium between polyelectrolyte liquid phases by altering the pH, leading to the formation of a desolvated gel/solid, while also paving the way for the oxidation of DOPA residues to dopaquinone through a process called quinone tanning [22] . This switch in the local chemical environment is an essential part of the adhesive formation process, as dopaquinone preferentially forms covalent crosslinks between like proteins at a basic pH [2, 23] while also establishing increasingly stable (DOPA)Fe 3þ complexes within the cuticle of the plaque [24, 25] . While the properties of seawater act as a molecular trigger to initiate a phase change during plaque solidification, the local seawater environment continues to be important long after the plaque is deposited. In seawater, plaque adhesion strength doubles 8-12 days after being deposited on a surface, changing from a milky white to dark tan colour [26] . However, this maturation process is arrested when plaques are held at a pH below 5.0 during this time frame. Together, these findings show that environmental post-processing is essential for the adhesive to form correctly and that plaque strengthening requires access to favourable conditions for significantly longer than would be predicted from the cross-linking rates of individual Mfps [27] .
With such a long cure window, it is possible that plaques are sensitive to other aspects of the seawater environment that typically vary in nearshore environments. In addition to fluctuations in pH, mussels regularly experience a broad range of seawater temperatures, salinities and dissolved oxygen concentrations, with daily or seasonal variability exceeding even the most extreme values seen in the open ocean [28] [29] [30] [31] . Extremes in these parameters have the potential to impact plaque curing positively or negatively. For example, high temperatures could accelerate the kinetics of dopaquinone cross-linking, speeding up the curing process [32] and/or break hydrogen bonds and cause protein unfolding and plaque weakening. Similarly, a hyposaline environment after Mfps have bonded to a surface could reduce the stability of the cross-linking network due to a reduction in chargebalancing counter ions, causing a decrease in the cohesive strength of the adhesive [33, 34] . Dopaquinone formation is dependent on oxygen absorption from the surrounding seawater environment [35] ; oxygen limitation during the curing process could either slow down DOPA conversion or lead to a reduction in cross-linking densities all together, reducing the cohesive strength of the plaque [36] . Therefore, the aim of this study is to determine the sensitivity of adhesive plaque curing to extremes in seawater temperature, salinity or dissolved oxygen concentration.
To investigate this question, freshly made byssal threads were incubated in seawater treatments (high temperature, hyposaline or hypoxic) for 12 days and then pulled from the substrate with a tensile testing machine. In addition to adhesion strength, the failure mode of each plaque was also recorded to investigate how molecular changes in the material affected the mechanics of the structural failure under tension. For the subset of these seawater parameters that were found to significantly affect adhesion, changes in plaque structure and composition were also characterized using atomic force microscopy and amino acid (AA) analysis. To provide a real-world context for these laboratory treatments, seawater conditions (temperature, salinity and dissolved oxygen concentration) were measured continuously at a mussel farm in Washington State for over 2 years, quantifying the frequency of seasonal variation across depth. By identifying which aspects of the multivariate seawater environment have post-processing effects on adhesive plaques, this study suggests a mechanism by which environmental variability influences mussel attachment in nature, while also informing the design of better medical adhesives that employ DOPA-mediated adhesion to persist in wet and ionically complex environments in the human body [37] .
Material and methods

Byssal thread experiments
Adult mussels (Mytilus trossulus, Gould 1850; ca 4 -6 cm shell length) were collected from aquaculture lines at Penn Cove Shellfish's mussel aquaculture operation located in Quilcene Bay, Quilcene, Washington, USA (47847 0 42.0 00 N, 122851 00 10.8 00 W) during the winter of 2016 (December-February). Mussels were kept in 50 l aquaria for up to two weeks, filled with 0.2 mm filtered seawater and fed Shellfish Diet 1800 (Reed Mariculture, Campbell, CA, USA) up to 5% of wet tissue mass day 21 at an algal concentration of 2000 cells ml 21 . Upon collection, the shell length (+0.1 cm) of each mussel was determined using a vernier calliper, while the reproductive condition (gonad index (GI)) and physiological condition (condition index (CI)) were determined for a subset of the collected population. GI was calculated as the ratio of dried gonadal to total tissue mass [38] , while the CI was calculated as the total dry tissue mass divided by shell length cubed [39] . Gonadal tissue was dissected from somatic tissue and subsequently dried at 608C to a constant dry weight (ca 3 days). The remaining mussels were haphazardly assigned to treatment groups and at the end of the experiment, the GI and CI for each mussel were determined.
Mussels were secured to mica plates with rubber bands and allowed to produce byssal threads for up to 4 h in typical openocean seawater conditions ( pH
), after which threads were cut away from the animal in the proximal region of the thread (at the shell margin). Only mussels that produced three or more attachments were included in a treatment group. A subset of threads was tested immediately, serving as a 4 h, 'freshly made' control. The remainder of mica plates with attached threads were placed in one of four treatments (Control, N 2 , 308C and DI water) and allowed to mature for 12 days, removing a subset of plates at 3, 5, 8 and 12 days.
Seawater treatments were designed to mimic open-ocean conditions in all ways but one, pushing temperature, dissolved oxygen, or salinity to the most extreme values seen in estuarine systems that are metabolically driven by the local biota [40] . A hypoxia treatment (O 2 , 2 mg l 21 ) was achieved through the injection of N 2 gas into a 3 l container, using an aerator. The dissolved oxygen concentration of seawater treatments was monitored in real-time with a DirectLine DL5000 equilibrium probe (accuracy + 1%) attached to a UDA2182 analyser (Honeywell, Fort Washington, PA, USA), which controlled the injection of N 2 by dynamically opening a solenoid valve in-line with a nitrogen gas cylinder. A high temperature treatment (308C) was achieved using a 500-Watt titanium aquarium heater and accompanying PID controller (Aquatop Aquatic Supplies, Brea, CA, USA). A low salinity treatment (less than 1 PSU) was achieved by placing plaques in deionized water. DI water was chosen for two reasons: (i) deionized water approximates the salinity and pH of riverine inputs that lead to the stratification of the water column in nearshore habitats [41] and, (ii) byssal threads are commonly stored in DI water before mechanical testing is performed (JH Waite 2018, personal communication). Only one sample was collected for the low salinity treatment after 12 days of incubation. Seawater pH and temperature were monitored in each treatment with a Honeywell Durafet III pH electrode ( [42] ; accuracy + 0.01), while salinity was monitored with a DL4000 conductivity cell (accuracy + 1 PSU). Treatment means (+ s.d.) for seawater pH (NBS scale), temperature (8C), salinity (PSU) and dissolved oxygen (mg l
21
) are reported in table 1.
Mechanical testing and atomic force microscopy
The adhesion strength of individual plaques was determined by gripping each byssal thread in the distal region, 1 mm away from the adhesive plaque, and pulling perpendicular to the substrate until failure using a tensometer [26] . Adhesion strength (kPa) was calculated as the maximum of the force extension curve (N), normalized by the planform area of the attachment plaque measured in mm 2 [43] . The adhesion strength for 3 -5 plaques was averaged and reported as a single value for each mussel. During mechanical testing, the failure mode of each plaque was also visually scored as an adhesive, peeling or tearing failure, as outlined by Young and Crisp [44] . Adhesive failure occurred when a plaque disengaged from a surface uniformly at the adhesive-substrate interface, while a peeling failure characteristically began at a single point along the outer edge of the plaque, propagating to the rest of the structure. A tearing failure was evident when a portion of the adhesive remained attached to the surface after the test had completed.
The stiffness of the plaque cuticle was determined by following the protocol outlined by George and Carrington (2018) [26] . Briefly, stiffness (DMT modulus) was measured using a Dimension ICON atomic force microscope (AFM), fitted with a ScanAsyst-Air probe with a silicon-nitride tip (Bruker, Billerica, MA, USA). Prior to testing, plaques were rinsed with DI water and allowed to dry for 5 min. Efforts were taken to probe smooth patches away from the thread-plaque junction, avoiding the innervating roots of the thread. The DMT modulus (GPa) was calculated as the slope of the force curve during tip-sample separation [45] . To obtain a representative stiffness of the cuticle, the DMT modulus was averaged over a 10 nm 2 scan area, with a sampling rate of 512 per line. Multiple locations (3-5) were scanned for each plaque and then averaged. Images of the plaque surface were taken with a resolution of 10 mm 2 . The DMT modulus was calibrated against a fused silica standard (Veeco, Plainview, NY, USA).
Biochemical characterization of adhesive plaques
In preparation for AA analysis, adhesive plaques were collected from three different seawater treatments (4 h and 12 days in open-ocean conditions; 12 days in nitrogen infused seawater) and stored in nitrogen flushed microfuge tubes at 2808C for up to four weeks. Acid hydrolysis was then performed in vacuo at 1108C for 48 h in 6 M HCl, with 5% phenol added to preserve DOPA residues. The hydrolysate of each plaque was flash-evaporated against DI water and methanol, dissolving the precipitate in 0.02 M HCl. One hundred microlitres of the mixture was then analysed using an AA analyser system based on ninhydrin-based chemistry (Hitachi L-8900; Tokyo, Japan). A typical spectrum obtained from the analyser with identified peaks is presented in figure 4a . The integral of each AA peak was divided by the integral of all peaks to determine the relative molar concentration of each AA, normalizing against a background of 0.02 M HCl and subtracting the ammonia peak.
Seawater monitoring
Environmental monitoring took place from March 2015 to September 2017 at Penn Cove Shellfish's mussel aquaculture operation located in Quilcene Bay, Quilcene, Washington, USA (47847 0 42.0 00 N, 122851 00 10.8 00 W). Two YSI EXO2 water quality sondes (YSI no. 599502-00; Yellow Springs, OH, USA) were suspended from ropes in the centre of a mussel raft, deployed at 21 and 27 m below the surface. The mussel raft was approximately 15 Â 18 m, supported ca 1500 lines with 20 kg of mussels per line. Sensors were deployed in the centre of the raft, surrounded by mussel lines. Each sonde was equipped with an EXO pH smart sensor (accuracy + 0.1 pH units; YSI no. 599701), an EXO optical dissolved oxygen smart sensor (accuracy + 1%; YSI no. 599100-01) and an EXO conductivity and temperature smart sensor (accuracy + 0.5%; YSI no. 599870). Water temperature (8C), salinity (PSU) and dissolved oxygen concentration (mg l
21
) were reported hourly, transmitting data to a logger onshore using radio telemetry. Electrodes were cleaned and calibrated monthly against NBS pH standards (YSI no. 3822), a 50 000 mS cm 21 conductivity standard (YSI no. 3169) and air-saturated DI water.
Statistical analyses 2.5.1. Laboratory experiments
All statistical analyses were performed in R (v. 3.4.1; http:// www.r-project.org/) with the RStudio IDE (v. 1.0.153; http:// www.rstudio.com/). When appropriate, datasets were transformed using the Johnson Transformations package (v. 1.4) to achieve normality. To control for any impact of mussel physiology on plaque strength within treatments, multiple linear regression models were used to investigate the effect of adhesive ) and plaque planform area (mm 2 ) on adhesion strength (kPa). Across treatments, plaques sampled at 12 days were compared using ANOVA, listing seawater treatment, shell length, GI, CI and plaque planform area as factors. For significant effects, a Tukey's HSD test was performed to compare treatment groups. Adhesion strength is reported as the average of 3 -5 plaque pulls per individual, while the failure mode of each plaque was pooled as part of a treatment. The effect of treatment on plaque failure mode was also evaluated using a chi-squared test, using the open-ocean control treatment as the expected distribution at each time point.
Seawater conditions under a mussel raft
Field measurements of seawater temperature (8C), salinity (PSU) and dissolved oxygen (mg l 21 ) were pooled across years into seasons (spring, summer, autumn and winter), using the spring equinox, summer solstice, autumn equinox and winter solstice of each year as the onset of each respective season. The time series for each parameter measured was transformed using the normal quantile transformation to achieve normality [46] , and subsequently analysed using a two-way ANOVA with depth and season as factors.
To determine how frequently mussels were exposed to periods of high temperature, hyposalinity and hypoxia under a mussel raft, a threshold analysis was performed across all the time points available, grouped by depth. High temperature was defined as greater than 208C, matching the induction temperature required for the production of heat-shock transcription factor 1 (HSF-1) for Mytilus trossulus living in subtidal conditions [47] , as well as the temperature after which mussels have been shown to produce defective byssal threads [48] . Salinities capable of causing hypo-osmotic stress in Mytilus galloprovincialis (less than 10 PSU) were considered hyposaline [49] , while hypoxia was defined by a dissolved oxygen concentration of less than 2 mg l 21 , representing conditions that are usually lethal for pelagic invertebrates and fishes [50] , but have been shown to be tolerated by Mytilus edulis for up to 1000 h [51, 52] . The proportion of days that experienced at least one instance of heat stress, hyposalinity, or hypoxia was determined using the Quantmod package [53] . The mean, mode and maximum excursion duration were also determined using the length of time each parameter remained below the threshold before returning.
Results
Plaques cured in open-ocean conditions
Plaque adhesion strength was influenced by the length of time the adhesive spent in seawater after being deposited on a surface (figure 1a). Freshly deposited plaques were milky white, with an average adhesion strength of 62 + 11 kPa. However, after immersion in 'typical open-ocean conditions' for 12 days, adhesion strength increased by 117% ( p , 0.001; electronic supplementary material, table S2; figure 1a,b), with an average of 134 + 9 kPa. Strengthening was paired with a change in physical appearance, with fresh plaques changing from translucent white to yellow over time (figure 1d,e), along with a shift in the mode of rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180489 failed significantly more frequently by peeling (65%; p , 0.001; figure 2b). Physical differences were also evident, with plaques displaying a mottled coloration of yellow and white spots (figures 1f and 3a) . Closer examination of the plaque cuticle using atomic force microscopy demonstrated that the yellow regions were smooth in texture (figure 3b), with a stiffness (0.80 + 0.07 GPa) like those aged in openocean conditions for 12 days ( p ¼ 0.99; figure 3f ). By contrast, the white regions were significantly softer than the yellow (0.27 + 0.03 GPa; p , 0.001; figure 3f ) and had a porous architecture at the micron scale. In transition zones between yellow and white material (figure 3c), material stiffness was not statistically different from regions that were yellow (0.59 + 0.07 GPa; p ¼ 0.053; figure 3f ). As with the DMT modulus, the DOPA concentration of plaques aged for 12 days under hypoxia was significantly higher (2.6%) than those matured in the control treatment (0.8%; p , 0.001; figure 4b ). By contrast, the molar concentration of glycine (18.0%) and histidine (6.0%) was not significantly different from the 4-h-old control (18.1% and 6.2%), while alanine (8.4%) was not significantly different from the 12-day control (8.4%; table 2). None of the physiological metrics measured affected plaque strength in the hypoxia treatment (electronic supplementary material, table S2).
Plaques cured in high temperature and hyposalinity
The adhesion strength of plaques matured in high temperature (308C; 115 + 9 kPa) and DI water (ca 1 PSU; 111 + 8 kPa) was not significantly different from the 12-day control treatment ( p ¼ 0.06 and p ¼ 0.50; electronic supplementary material, table S3; figure 1c ). The failure mode of plaques aged in DI water was also like the 12-day control ( p ¼ 0.21), while high temperature marginally increased the prevalence of peeling failure ( p ¼ 0.07; figure 2b). Incubating plaques at 308C marginally slowed adhesive strengthening, with no significant difference observed at any time point when compared with the control treatment (figure 1a). Plaques aged in either treatment did not appear different in colour compared to the 12-day control, although high temperature caused uneven tanning in rare cases (figure 1g). There was no treatment level effect of mussel size, plaque area or reproductive and physiological condition on adhesion strength. None of the physiological metrics measured affected plaque strength in either treatment (electronic supplementary material. table S2).
Seawater conditions under a mussel aquaculture raft
Field measurements of seawater temperature varied seasonally and with depth (electronic supplementary material, figure S1 ; table S4; p , 0.001), with a summer maximum of 24.18C at the surface (1 m) and a low of 5.38C in autumn at depth (7 m; electronic supplementary material, figure S2 ). Higher mean temperatures were observed at the surface during the spring and summer, while in the autumn and winter months the trend reversed, with cooler surface temperatures at the surface than at depth (electronic supplementary material, figures S1 and S2). High temperature excursions were only observed at the surface in the summer and spring, with 12% of days displaying at least (table 3) . The average length of each high temperature excursion was 7.3 h, with the longest excursion occurring over 18 h. Most commonly, excursions lasted for 2 h. Although season and depth were both significant factors driving temperature in this system, the interaction between the two was also significant, indicating that the effect of one depends on the context of the other ( p , 0.001; electronic supplementary material, table S4). Salinity also varied seasonally ( p , 0.001) and with depth ( p , 0.001), with excursions as low as 2.1 and 2.6 PSU occurring in autumn and winter at the surface (electronic supplementary material, table S4; figures S1 and S2). Low salinity excursions were limited to the surface and were relatively rare, with only 4% of days experiencing a salinity less than 10 PSU. The average length of a salinity excursion was 2.9 h, with the longest bout of hyposalinity occurring in autumn and lasting 6.3 h (table 2). Salinity at depth (7 m) remained above 10 PSU year-round (electronic supplementary material, figure  S2 ; table 3). As with temperature, the differences in salinity between depths depended on season (depth Â season interaction, electronic supplementary material, table S4) and were most prominent in autumn and winter.
Variability in dissolved oxygen was observed in the spring and summer, with lower concentrations observed at depth (electronic supplementary material, figures S1 and S2). By contrast, less variation was seen in the autumn and winter, although the depth trend was maintained (electronic supplementary material, figure S2 ). As with temperature and salinity, dissolved oxygen varied significantly with depth ( p , 0.001) and season ( p , 0.001), with a significant interaction between the two factors ( p , 0.001; electronic supplementary material, table S4). Hypoxic excursions were routinely observed at both depths, with 3.7% of the days included in this study experiencing a hypoxic event at the surface, compared to 14% at depth (table 3). The average length of an excursion was 3.3 h for both depths, with the most common being 1 h. The longest excursions observed lasted for 10 h at the surface and 12 h at depth (table 3) . The dissolved oxygen minima for each depth was 0.4 and 0.1 mg l 21 for the surface and at depth, respectively, with both conditions occurring during the summer (electronic supplementary material, figures S1 and S2).
Discussion
Of the three seawater parameters tested, dissolved oxygen was the only one that was required for environmental Table 3 . The frequency of extreme excursions in seawater temperature (8C), salinity (PSU) and dissolved oxygen (mg l
21
) at two depths (1 and 7 m) beneath a mussel aquaculture raft located in Quilcene Bay, Quilcene, Washington. Water conditions were monitored hourly from March 2015 through September 2017. Sample size (n) reflects the exclusion of data compromised by sensor fouling or communication errors. The proportion of days that experienced at least one instance of heat stress (greater than 208C), hyposalinity (less than 10 PSU) or hypoxia (less than 2 mg l 21 ) is reported as n%. The mean, mode and maximum excursion durations (hours) are also reported for each condition, at each depth. post-processing. Plaques deprived of oxygen were 51% weaker than those cured in open-ocean conditions for 12 days and developed a mottled yellow coloration with translucent regions commonly found along the perimeter. While dopaquinone formation did occur under hypoxia, atomic force microscopy imaging of translucent patches produced adhesion maps that looked different from white patches and had lower material stiffness. These results suggest that, in addition to a basic pH, environmental oxygen must be available during the curing process for the complex protein structure of the plaque to form correctly, even long after the structure has transitioned from a fluid to a bulk solid. Mussel plaques represent a special case where both the adhesive and cohesive properties of an adhesive are linked to a single functional group. DOPA residues comprise 2-30% of the molecular structure of adhesive proteins (Mfps) within the plaque [54] , with the highest molecular concentrations of DOPA found in Mfps localized at the adhesivesubstratum interface [21, 55] and in the cuticle [24, 25] . While DOPA residues are initially responsible for substrate-level adhesion, the conversion of DOPA to dopaquinone after adsorption can be just as important for overall adhesion strength [56] . In this way, adhesion strength is optimized when a balance is maintained between the adhesive and cohesive interactions within the plaque and the material distributes load evenly, preferentially breaking bonds at the adhesivesubstrate interface (adhesive failure) [57, 58] .
Typically, temperature plays a pivotal role in modulating the balance between adhesive and cohesive interactions within adhesives by altering the kinetics of molecular interactions [32] . However, plaques cured in seawater heated to 308C, exceeding even the most extreme temperatures seen in surface waters in this study, failed to alter either the curing rate or adhesion strength of plaques after 12 days. This result is consistent with the cross-linking activity of DOPA-functionalized synthetic polypeptide mimics of mussel adhesive, which can be achieved up to 608C [57] . Similar results were seen with hyposalinity, which also failed to affect plaque curing. It should be noted that this result is testing a different aspect of plaque adhesion than other studies, which have investigated the adhesion of Mfp films to mica in solutions of varied ionic strength [21] . Our results show the resilience of whole plaque curing to changes in environmental salinity after deposition. The robust nature of the curing process with regard to salinity could be due, in part, to the fact that ionic interactions in the plaque are limited mainly to Fe 3þ in the cuticle [59, 60] , and Zn 2þ and Cu 2þ in the plaque-thread junction [61, 62] , which are supplied by the mussel during protein secretion, in the ionically sparse distal depression [63] . By contrast, when separated from the mussel after deposition and aged to maturity under hypoxia, plaques displayed several indicators that cohesive interactions within the structure either did not form or formed improperly, during the curing process. First, plaques incubated in hypoxia for 12 days had a different physical appearance than the 12-day control, with regions along the perimeter that resembled the 4-h control. Second, hypoxia reared plaques lacked characteristic shifts in AA composition that are typical of biomaterials that undergo schlerotization. Under hypoxia, the molar concentration of DOPA residues within the plaque remained elevated (2.6%) after 12 days, resembling the composition of freshly made plaques (3.2%), rather than the 12-day control (0.8%). Unfortunately, studies reporting the DOPA composition within the distal region of the thread are more prevalent than the plaque, although a concentration of ca 1.4% for the plaque disc of Mytilus edulis has been reported [64] . While the per cent DOPA composition undoubtedly varies between species [65] , individuals [66] and even with the physiological health of the animal [67] , the fact that DOPA composition decreased over 12 days in the control testifies that our method was precise enough to measure DOPA residue oxidation.
The histidine composition of the plaque under hypoxia (6.0%) displayed a close similarity to freshly made plaques (6.2%) and was significantly lower than the 12-day control (9.1%). Histidine is often involved in metal ion coordination in proteins and is a likely partner for either Zn 2þ or Cu 2þ in the distal region of the thread [61, 68] , while also serving as a DOPA cross-linking partner [69] . In the plaque, histidine has been proposed as an important component of the gap-junction protein mfp-4 [70] , which acts at the interface between the bulk of the plaque (mfp-2) and the preCOL components of the distal region. In this context, the histidine content of a plaque would be expected to decrease over time as crosslinks are formed; mcfp-4 extracted from the foot (19.2%) contains more histidine than when extracted directly from the plaque after deposition (18.3%) [70] , and preCol-P contains significantly more histidine than Col-P (0.98%) [71] . However, the results of this study are not consistent with these findings. One possible explanation is that the relative contribution of the distal region root structure to each plaque varies [72] . Differences in the relative contribution of preCOLs to the molecular mass of hydrolysed plaque samples could be significant without the careful removal of the distal stem. Either way, considerable uncertainty remains regarding the wide array of possible interactions between proteins and AA residues within quinone-tanned adhesives [73, 74] , making this an exciting area for further research. A reduction in quinone tanning under hypoxia could be the result of direct oxygen limitation at the site of covalent cross-linking or due to the disruption of the activity of oxidizing enzymes in the plaque after secretion. DOPA cross-linking in mussel byssus adhesive is aided by the enzyme catechol oxidase [75] , as well as undoubtedly others that have yet to be discovered (JH Waite 2018, personal communication). Catechol oxidase facilitates cross-linking through the oxidative dehydrogenation of o-diphenols, acting as a catalyst across the entirety of the mussel byssus [76] . While enzyme activity is known to be pH sensitive, with a kinetic optimum at seawater pH [75] , the oxidation rate and aggregation of Mfp-1 in solution have been shown to rely much more heavily on the nature of the oxidator that is present [27] . For this reason, further work is needed to properly investigate the role that catechol oxidase plays in DOPA cross-linking under oxygen limitation, perhaps through the supplementation of oxidase inhibitors such as phenylthiourea or salicylhydroxamic acid.
Compositional similarities between plaques aged in hypoxia and those that were freshly made in a seawater control could help to explain why their failure dynamics were also so similar. Peeling was the most common failure mode for both the 4-h control and hypoxia incubated plaques. One reason for this similarity could be the prevention of dopaquinone cross-linking formation under oxygen limitation, leading to a reduction in the integrity of the plaque structure. AFM scans of the surface of hypoxia matured plaques looked different from the 12-day control treatment, indicating a possible malformation of the plaque cuticle.
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However, a more definitive assessment of the integrity of the plaque cuticle would require the use of higher resolution imaging, such as TEM, with greater depth penetration. Nevertheless, the stiffness measurements of smooth, yellow regions near the plaque-thread junction were like those reported for the cuticle of Mytilus galloprovincialis (ca 1.5 GPa), while the white, porous regions had moduli consistent with the interior of the plaque (ca 400 MPa) [77] , supporting the hypothesis that the cuticle is missing in some regions. Alternatively, this result could be due to the reduction in cross-linking density that comes as a result of oxygen depletion, as the cuticle of the plaque is made up of Mfp-1 (15% DOPA), while the core comprises Mfp-2 (5% DOPA) [78, 79] . A reduction in dopaquinone formation and the cohesive strength that comes with proper cuticle formation could explain why plaques frequently peeled from substrates under hypoxia, as areas of low stiffness can act as regions of concentrated stress while under tension.
While the cross-linking behaviour of specific Mfps is well understood [27, 36, 80, 81] , the kinetics of cross-linking in a protein network as complex as the one in the plaque remains unclear. In this study, plaques were incubated in containers with constant aeration in the laboratory, without the addition of circulating pumps. It is, therefore, likely that the curing window presented here approximates still or gently flowing water conditions found underneath mussel rafts [82 -84] , rather than the turbulent, high flow conditions mussels may experience in the intertidal zone [85, 86] . The increased flux of oxygen to the plaque in turbulent habitats may either speed up cross-linking or flush the local microenvironment, effectively rescuing adhesion stalled by localized regions of oxygen depletion [35] . Oxygen availability could explain why the tenacity of solitary mussels [87] , and those located on the margins of mussel beds [88] , are typically stronger than those in aggregations, although additional work in needed in order to separate this effect from any physiological response of mussels to flow or food availability [89, 90] .
The observed decrease in plaque adhesion strength with hypoxia is particularly relevant for mussels hanging from ropes in raft aquaculture, where robust adhesion is necessary for survival. Seasonal comparisons of byssal thread mechanics have found that threads decay in as little as two weeks in the summer [91] , necessitating that mussels perpetually produce threads in order to remain attached. Even if mussels refrain from byssus production in response to disadvantageous conditions, closing their shells to reduce physiological stress [92, 93] , freshly made threads must contend with local seawater conditions during an 8 -12 days curing period for quinone tanning to fully occur [26] . Given the sensitivity of the curing process to oxygen availability, further work is needed to tease apart whether the curing process is delayed or irrevocably altered. If delayed, tidal fluctuations in oxygen saturation could serve to rescue adhesion. Alternatively, if the ultimate cohesive strength of the plaque is determined by the rate of dopaquinone formation, then the curing process could have a window of time wherein cross-linking needs to occur to serve its function as a load bearing structure.
Mussels have adapted an adhesion strategy that circumvents the challenges of adhesion underwater, using the chemistry of their surroundings to their advantage. However, seawater conditions in nearshore environments often vary dramatically from the basic, oxygen saturated conditions of the open-ocean that are conducive for adhesion [28, 29, 41, 94] . For example, field observations outlining the prevalence of hypoxia excursions where mussels were collected in this study show that 14% of the days sampled experienced at least one hypoxic event (less than 2 mg l 21 ), with the longest event lasting for 12 h. Given the susceptibility of plaque curing to oxygen availability, experiments where the curing process is inundated by environmentally relevant excursions in dissolved oxygen are needed to determine whether hypoxia irrevocably damages the protein network or if adhesion strength can recover after favourable conditions return.
The molecular mechanisms underlying DOPA-mediated adhesion have been a source of inspiration for researchers developing medical adhesives that work under wet conditions in the human body. Currently, many of the advancements have come from functionalizing polymers [4, 23, 95] , hydrogels [96] [97] [98] and thin films [3] with DOPA, in an effort to produce reliable adhesion and cross-linking. However, an exciting new direction has been made possible by the development of new methods for the production of coacervate films, which can be easily stored and administered in a clinical setting [18, 19, 99] . A better understanding of the role that environmental postprocessing plays in plaque curing can aid in the design of medically relevant coacervate adhesives.
During coacervate formulation, the mixture of catechol varieties used to functionalize the poly-cation and polyanion components of the coacervate need to be optimized, along with their density, so that the length of the curing window is relevant for the application [100] . Optimization can be accomplished by controlling the ratio of covalent and supramolecular interactions by including catechol analogues that are more or less prone to oxidation [101] [102] [103] . In contrast to single molecule studies where cross-linking is achieved over minutes to hours [36] , the relatively long curing window reported in this study for the byssus plaque could be a result of the diversity of Mfps present, as well as how they are patterned in the cuticle and core of the plaque. Therefore, a formulation that mimics the structure, composition and mechanics of the entire plaque may be useful for sutures applied to delicate tissues where rapid dopaquinone formation would cause tearing or scarring.
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